This study concludes that vast quantities of gas hydrate resources (>400 BCF) are trapped primarily by Eocene river sands of the Mikkelsen Tongue of Canning Fm. within a 12.5 mi 2 (33.375 km 2 ) area beneath Milne Point, on the North Slope of Alaska. This particular resource quantification was made possible by application of a new type of cumulative seismic attribute (CATT) that allows determination of accumulated gas hydrate volume in seismic data. Underlying this attribute is a rock physics effective-medium model that links hydrate saturation to seismic response. It is based on the"soft sand" model which includes methane gas hydrate as a solid constituent of the rock matrix.
Introduction
In order to quantitatively characterize a natural gas hydrate reservoir, we must be able to relate the elastic properties of sediment to the volume of gas hydrate present and to the host-rock properties and conditions, such as mineralogy, porosity, pressure, and temperature. One way of achieving this goal is by combining the rock physics effectivemedium model with an integration of the inverted seismic volume to account for the effects of scale, geometry, and reservoir properties.
The "soft sand" model (Dvorkin et al., 1999; 2003) links reservoir properties, such as porosity, fluid compressibility, mineralogy, and effective pressure for unconsolidated sediment. In the model gas hydrates are incorporated as part of the rock matrix, which results in an effective increase in compressional and shear wave velocities. The resultant transform connects the gas hydrate saturation of the sediment to the elastic-wave velocities (e.g., Dvorkin et al., 2003) . The model accurately predicts gas hydrate saturation offshore as well as onshore.
In this paper we introduce a cumulative seismic attribute (CATT) that upscales this rock physics effective medium model. Its purpose is to map hydrate cumulative volume away from well control. This process firstly entails calculating hydrate saturation from seismic data. This provides a reliable method to assess and quantify hydrate occurrences albeit on a case-by-case basis.
CATTs Workflow
Cumulative seismic attribute (CATT) is a new type of attribute formed by integrating the seismic impedance trace (Dvorkin and Uden, 2006) . The attribute can be related by means of rock physics to the cumulative reservoir property, which in this case is the cumulated volume of gas hydrate. A rock physics transform that connects the gas hydrate saturation to the P-wave velocity is based on the Dvorkin and Nur (1996) effective-medium model which relates the elastic moduli of unconsolidated clastic sediment to porosity, pore fluid compressibility, mineralogy, and effective pressure. Moreover, this "soft sand" model populates part of the matrix with gas hydrate. The resultant porosity reduction with increasing gas hydrate saturation leads to higher impedances. The relationship between Pwave impedance and gas hydrate saturation is empirically derived from well log data ( Figure 1 ). ( 1) where Sgh is gas hydrate saturation and Ip is P-wave impedance in km/s*gr/cc.
Cumulative hydrate volume (Vgh) is obtained by integrating gas hydrate saturation (Sgh) with respect to depth within gas hydrate layers (Equation 2).
(2)
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where φ is porosity, Cgh is hydrate concentration, and Vgh is gas hydrate volume per horizontal area (m³/m²).
In the shallow subsurface where hydrates occur, the density of methane hydrate is close to that of water and the porosity of sand is close to 0.4 (which is similar to the total porosity of shale at this depth). As a result, ρ is almost constant and Ipˉ² is approximately scale-independent. Thus, the cumulative volume of gas hydrates, in one-way travel time (C I ), is given by:
Note that C I is the time equivalent of Cgh, which is in depth.
This integration was applied to the inverted seismic volume using a cut-off for Ip of 4.8 km/s*gr/cc; intervals with Ip less than this cut-off were not incorporated into the integration in order to exclude wet sands. Intervals outside of the gas hydrate stability zone (GHSZ) were also excluded from integration.
Application to Milne Point Data
Well Data: Figure 2 displays CATT results at a well in the Milne Point area. The saturation calculated from well data (second to right column) differs from that calculated with seismic data in several hydrated sands. This is because an assumption about gas-hydrate-bearing unconsolidated sediment is that this sediment has larger P-wave impedances than the surrounding wet sediment. This is true in most intervals, but clearly is not the case everywhere. For instance, there is the risk to include false positives by increasing the bulk modulus (for instance, sediments with high heavy mineral content).
An additional caveat is that thin hydrate accumulations might fail to elevate seismic reflectivities above the overall background. As a result, the method successfully detects some hydrated intervals but might miss others that do not have seismic expression. Nonetheless, the extracted trace from the cumulative gas hydrate volume at the well location (right column, Figure  2 ) closely resembles the well log-derived CATT in spite of a few observed misses and false positives. Therefore, overall the method shows promise for quantifying gas hydrate volume.
Seismic Data:
Although seismic data quality in the Milne Point 3-D was good, further conditioning was applied to the seismic in order to improve data fidelity. Two data conditioning processes were applied to the 3-D data: Spectral balancing using Gabor-Morlet Joint TimeFrequency Analysis (JFTA), and Edge-Preserving Smoothing (EPS) that enhances the S/N while preserving discontinuities such as faults (Singleton, 2009 ). A third process applied to the data was a trace balance that was focused on the shallow, hydrate-containing section. This had the effect of removing severe amplitude striping that emanated from dim-out zones near the surface. These were likely related to acquisition that occurred over frozen lakes as compared to permafrost.
The data were then inverted using the model-driven technique (Singleton, 2009) , except that the data were poststack and only an acoustic impedance volume was generated (Figure 3) . The low frequency model was generated with an upper horizon above the base permafrost/top hydrate and a lower horizon that followed a prominent seismic reflector at about 810 msec. Collocated co-kriging using upscaled well log impedances from three wells and seismic interval velocities stabilized the lowfrequency trend of the calibrated geomodel. 
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A composite wavelet was calculated from the individual wavelets extracted from each well. The final, composite wavelet maintained peak frequencies out to 80 Hz before dropping off. In spite of slight phase instability in the low frequency range (0-30 Hz), a regression through the origin showed an average wavelet phase of less than 4° in a crossplot of phase versus frequency for the composite wavelet.
Inversion residuals were relatively low and Backus averaged impedance well logs compared favorably with inverted traces extracted at well locations. This increased confidence that the inverted seismic data could be successfully used to quantify hydrate accumulation. 
Geological Interpretation
The gas hydrate stability zone (GHSZ) is defined as a hydrate-retaining sediment interval. In this portion of the Milne Point area, the GHSZ is located within a transitional continental setting in Eocene river sands of the Mikkelsen Tongue of Canning Fm. (Collett et al., 2005) . Our work in this area indicates that saturation increases toward the top of the GHSZ. This observation is in contrast to marine hydrate occurrences where gas hydrate saturation generally decreases vertically above a regionally defined bottomsimulating reflector (BSR; Strecker et al., 2010) . Thus resource entrapment at Milne Point appears to adhere more closely to an accumulation scheme in which the classic components of a hydrocarbon trap (source, timing & pathway of migration, reservoir, seal, structural trap, etc.) had been met before gas hydration occurred (Figure 3) . Figure 4 . Left: Time-structure map (in seconds two-way travel time). Right: Map of extracted P-wave impedance (in impedance units) at the "E" sand level. Note confinement of highest impedances to elongate structural compartments in extensional fault blocks. High impedances imply gas hydrate.
Although the majority of the GHSZ is comprised of progradational clastic tongues characterized by massive coarsening-upward cycles (Figures 2, 5) , it is the finingupwards cycles associated with fluvial channels contained within fault blocks (Figure 4 ) that boast highest hydrate saturations (Sgh > 35%), although they only constitute less than 15% of GHSZ section ( Figure 5 ). Gas hydrate saturation tends to decrease from top to bottom of the stratigraphic section within the GHSZ ( Figure 5 ). Furthermore, in fining-upwards cycles nearly the entire channel profile has become hydrated, with saturation determined primarily by clay content (V clay ) and structural elevation. In contrast, gas hydrate saturation is lowest or absent in higher V Clay sections near the parasequence top of regressive shoreface/delta deposits ( Figure 5 ).
Fluvial channel-fill sand exhibits low-hydrate saturation adjacent to a bordering normal fault losing slip (compare
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left side of the meander in Figure 6 with time-structure map in Figure 4 ). This may possibly hint at "free gas" leakage prior to hydration. Figure 6 . Map and perspective views of co-rendered Pwave impedance and gas-hydrate saturation of fluvial meanders. View generated from flattened seismic data at the "D" sand level.
Resource estimates
Contrasting CATT values in map views of different stratigraphic levels permits gauging the rate and location where the hydrated section reaches its peak values. In spite of this attribute portraying a cumulative property of the GHSZ, the affinity for gas hydrates to preferentially accumulate in normal-faulted river sands remains still apparent (Figure 8 ). This is because 50% of the total gas hydrate saturation is already reached at the E sand level.
By conservatively selecting an extraction horizon from near the "deepest known hydrate from logs" marker we strive to eliminate potential contributions to reserve estimates caused by untested false positive seismic anomalies. If contributions from the lower part of the potentially hydrated section are included, the reserve total may inevitably climb, but likely less than 30%.
For a 3-D survey area encompassing 12.5 mi 2 (33.375 km 2 ), gas hydrate resource estimates including statistics have been compiled in Table 1 . 
Conclusions
Application of an effective-medium model which incorporates gas hydrate as part of the solid frame enables a new cumulative attribute (CATT) to successfully detect and quantify gas hydrate resources. CATT was applied to a seismic data subset from Milne Point 3-D, Alaska, where these resources are primarily restricted to fault-bound Eocene fluvial sands. We estimate that 400 BCF of gas equivalent lies within a 12.5 mi 2 (33.375 km 2 ) area.
